Objective: It has been hypothesized that individuals without dementia with Alzheimer disease (AD) neuropathology may be in the preclinical stages of dementia and could be experiencing subtle cognitive decline. The purpose of this study was to compare longitudinal cognitive performance in oldest-old individuals without dementia with and without AD neuropathology.
Studies of Alzheimer disease (AD) neuropathology and cognition 1-4 suggest poorer cognitive performance and more rapid cognitive decline in individuals with high levels of amyloid plaques and neurofibrillary tangles. It has been hypothesized that individuals without dementia with AD neuropathology may be in the preclinical stages of disease and experiencing subtle cognitive decline. The percentage of individuals without dementia with AD neuropathology increases with age. [5] [6] [7] Findings from The 90ϩ Study have shown that approximately 50% of individuals without clinical dementia have high levels of AD neuropathology. 8 For this investigation, we examined declines in cognitive performance and AD neuropathology among oldestold without dementia.
Longitudinal cognitive performance in late adulthood has primarily been described with linear trends and modeled with rates of cognitive decline in individuals with and without dementia. Linear trends may not be appropriate for describing cognitive trajectories due to learning and other effects. The main objective of the current study was to compare cognitive performance over time in oldest-old individuals without dementia with varying degrees of AD neuropathology (plaques or tangles), using models that do not assume linear cognitive trajectories.
METHODS Study population (subjects). The 90ϩ Autopsy Study is an ancillary study of The 90ϩ Study, a population-based investigation of aging and dementia in individuals aged 90 years and older. As of April 2011, we obtained brains from 137 individuals participating in The 90ϩ Autopsy Study. Of these participants, 58 individuals were without dementia at death, and had completed cognitive testing at 1 or more visits.
Assessments. All participants received a neurologic examination and neuropsychological testing every 6 months. Medical histories and medication usage were gathered at each visit. Medical records, including brain scans, were requested from the participant's physicians. Interviews with informants were also used to determine the participant's cognitive and functional status.
Cognitive testing. A neuropsychological test battery was ad-
ministered to participants to assess various cognitive domains including global cognition and memory. In the present study, global cognition (Modified Mini-Mental State Examination [3MS]) 9 and memory (10 minute California Verbal Learning Test-II Long Delay [CVLT]) 10 were used for the primary cognitive outcomes.
For this study, individual test scores were converted to z scores for comparison across cognitive measures. z Scores for each cognitive measure at each visit were computed using the same baseline test scores (mean and SD) among all participants without dementia in the entire cohort (3MS: mean ϭ 89.23, SD ϭ 8.11 and CVLT: mean ϭ 5.08, SD ϭ 2.67).
Standard protocol approvals, registrations, and patient consents. All procedures were approved by the Institutional Review Board at the University of California, Irvine, and all participants gave written informed consent.
Determination of cognitive status. After a participant
died, all available information including participants' longitudinal evaluations, medical records, and informant information were discussed during a multidisciplinary diagnostic consensus conference. Participants were assigned a cognitive diagnosis of normal, cognitive impairment with no dementia (CIND), or dementia. Dementia diagnosis was established using DSM-IV criteria. CIND diagnosis was assigned to individuals with cognitive or functional loss that did not meet criteria for dementia. Investigators were blinded to the participants' pathologic evaluation when assigning cognitive diagnoses.
Neuropathologic measures and diagnosis. Postmortem
brain tissue procurement and preparation was done according to procedures from the Alzheimer's Disease Research Center (ADRC) protocols. Neuritic plaque staging (none, sparse, moderate, or frequent) was determined based on Consortium to Establish a Registry for Alzheimer's Disease (CERAD) criteria. 11 Neurofibrillary tangle staging (I-VI) was based on Braak and Braak criteria. 12 For this study, individuals were categorized into 2 groups: low plaques (none or sparse) or high plaques (moderate or frequent). Similarly, individuals were classified as having low tangles (I-III) or high tangles (IV-VI). Pathologic evaluations were performed blinded to clinical diagnoses.
Statistical analysis.
To assess the effect of AD neuropathology on cognitive performance over time we fitted 2 random effects models. Random effects models were used because these models can account for correlations that may exist across multiple measurements in the same individual across time. 13 Model 1 included the intercept as a random effect, thus allowing the trajectory of cognitive performance to vary across individuals. Age at baseline visit was included as a fixed effect and modeled as a continuous variable. Dummy variables for each follow-up visit were created (Zi ϭ 1 if visit i, 0 else) and included as fixed effects. The dummy visit variables represent the change in cognitive performance at each visit compared to the baseline visit. As most individuals did not have more than 7 visits, all visits 7 and higher were collapsed into the dummy variable for visit 7. Because change in cognitive performance is allowed to vary from visit to visit, model 1 does not impose a linear trajectory and allows for potential learning effects. Model 2 included all variables from model 1 plus variables related to AD neuropathology. AD neuropathologies (plaques or tangles) were included as fixed effects and were coded as binary variables (0 ϭ low, 1 ϭ high). Model 2 also included interaction terms between each dummy visit variable and the AD neuropathology variable, which were modeled as fixed effects. The interaction terms represent the difference between low and high pathology groups in the change in cognitive performance from each person's follow-up visit compared to the baseline visit.
As the 2 models described were nested within one another, we compared the fit of the 2 models with a likelihood ratio test (LRT). This test allowed us to determine if the fit of the model that included AD neuropathology was significantly different from the model that did not include AD neuropathology.
The outcome variable in all of these models was the z score for the cognitive measure (3MS or CVLT). Analyses were done separately for each cognitive measure (3MS or CVLT) and for each AD neuropathology (plaques or tangles). Sex, education, and APOE were not significant in our initial analyses and were excluded from further analyses. All analyses were completed in SAS, version 9.2 (SAS Institute, Cary, NC). The SAS PROC MIXED procedure and maximum likelihood estimation option (METHOD ϭ ML) were used to fit all models.
RESULTS
Descriptive characteristics for the 58 participants in this study are summarized in table 1. Participants were mostly women (67%) and had a mean age of 95 years at the first visit. On average, participants completed 6 visits over 3 years and the mean age at death was 98 years. Of all participants, 52% had a clinical diagnosis of normal cognition and 48% had a clinical diagnosis of CIND. In regards to AD neuropathology, 48% of the participants had high plaque neuropathology, 40% had high tangle neuropathology, and 29% had high levels of both neuropathologies. At the first visit, the mean 3MS score was 90 and the mean CVLT score was 6. Overall, autopsy participants did not differ from nonautopsy participants on baseline age, education, cognitive diagnosis, sex, or baseline cognitive performance. 8 There were no differences in trajectory of cognitive performance by AD neuropathology. Individuals with low and high levels of plaques or low and high levels of tangles had similar performance trajectories on the 3MS and CVLT. Regardless of the level of AD pathology, all individuals showed evidence of modest learning effects across visits. The parameter estimates, standard errors, and p values from the fully adjusted model with AD neuropathology (model 2) are reported in table 2. Plaque neuropathology. There were no significant differences in cognitive performance on the 3MS or the CVLT based on plaque staging. Based on the t test for the parameter estimates from random effects model 2, individuals with high plaque pathology showed slightly worse cognitive test scores on the 3MS (␤ estimate ϭ Ϫ0.17 units; p ϭ 0.48) and CVLT (␤ estimate ϭ Ϫ0.04 units; p ϭ 0.88), although this difference was not significant. Similarly, the interactions between plaques and the dummy visit variables showed no differences across visits.
Based on comparisons of model 1 to model 2, we found no significant differences in trajectory of cognitive performance on the 3MS ( p ϭ 0.55) or CVLT ( p ϭ 0.88) based on plaque staging (table  3) . Thus, including plaque parameters in the statistical model did not explain better the observed trajectory of cognitive performance on the 3MS and CVLT. In general, participants showed improvement on the 3MS and the CVLT on subsequent visits compared to visit 1. For the 3MS, these improvements were either statistically significant or trended toward significance for all visits except visits 7 and higher (visit 7ϩ). Although individuals with higher plaque pathology appeared to have somewhat smaller learning effects, as evidenced by the negative visit ϫ plaque interaction terms, these effects were nonsig-nificant for the 3MS and CVLT. Based on the parameter estimates from model 2 we calculated the predicted cognitive z scores at each visit for a participant who was 94 years old at baseline (average baseline age) with and without pathology. See figure 1 for the described differences in overall trajectory of cognitive performance by plaque pathology and the observed learning effects.
Tangle neuropathology. There was no difference in 3MS or CVLT cognitive performance by tangle staging. Individuals with high tangle pathology showed slightly worse cognitive test performance on the 3MS (␤ estimate ϭ Ϫ0.28 units; p ϭ 0.27) and CVLT (␤ estimate ϭ Ϫ0.37 units; p ϭ 0.15), although these results were not significant. Similarly, the interactions between tangles and the dummy visit variables were not significant, suggestive of no differences in cognitive performance across visits based on tangle staging. Based on comparisons of model 1 to model 2, we found no significant differences in trajectory of cognitive performance on the 3MS ( p ϭ 0.60) or CVLT ( p ϭ 0.62) based on tangle staging (table 3) . Thus, inclusion of the tangle parameters in the statistical model did not explain better the observed trajectory of cognitive performance on the 3MS or CVLT.
Similar to plaque pathology, both tangle neuropathology groups demonstrated learning effects, but these were not significant. See figure 2 for the described differences in overall trajectory of cognitive performance by tangle pathology level and the observed learning effects.
We tested whether different categorizations of plaques and tangles would affect our results.
Results were similar when individuals with frequent CERAD plaques (12%) were compared to individuals with fewer plaques (3MS: p ϭ 0.50 and CVLT: p ϭ 0.19) or when individuals with Braak and Braak tangle stages V-VI (21%) were compared to individuals with lower stages (3MS: p ϭ 0.13; CVLT: p ϭ 0.85). We also repeated the statistical analyses by dropping the visits past visit 7 to see if the observed results were driven by cognitive test scores past visit 7. No significant differences in levels of cognitive performance were found for plaques (3MS: p ϭ 0.54 and CVLT: p ϭ 0.82) or tangles (3MS: p ϭ 0.87 and CVLT: p ϭ 0.41). DISCUSSION Individuals who died with high AD neuropathology had a similar trajectory of global cognition and memory performance before death when compared to individuals with low AD neuropathology. We found evidence of learning effects in these participants; however, these learning effects were greater in individuals with lower AD neuropathology. The relationship between neuropathology and cognition may be different for the oldest-old compared to younger elderly. Alternatively, it is possible that our participants may have been in the preclinical stages of AD 14, 15 and cognitive decline may have become apparent if the participants had lived longer. Supporting this notion, individuals with high levels of plaques or high levels of tangles tended to have poorer cognitive test scores and smaller learning effects compared to participants with low level of plaques or low level of tangles, but these results were not significant. 14, 15 An earlier study suggests that AD risk can be identified up to 15 years prior to clinical diagnosis of AD based on tests of visual memory cognitive performance. 15 Some investigations found no association between AD neuropathology and rates of global cognitive decline among elderly without dementia; however, these studies did find differences in mem-ory performance. 16, 17 In one study, 134 individuals with no cognitive impairment or dementia before death were examined, 17 and there was a significant relationship between AD neuropathology and declines in episodic memory suggesting that memory was more susceptible to changes in AD neuropathology. Similarly, another study examined cognitive performance in 48 clinically normal individuals with varying degrees of AD neuropathology at autopsy. 16 Significant differences in rates of decline were only found on a memory test (cued selective reminding test). Declines in memory may serve as an earlier indication of preclinical dementia, although we were not able to detect this in our sample.
Many studies have found 1-4 a relationship between AD neuropathology and rates of cognitive decline in older populations. Some of these studies, however, differ from our study in several important ways. First, some investigations 1,4 have included individuals with dementia. Individuals already diagnosed with dementia could be more likely to have more rapid rates of cognitive decline and may be driving the association. Second, some of the studies 2,3 examined cognitive performance at only one time point, precluding longitudinal assessment. Third, some studies were conducted in younger elderly individuals 16 and the relationship between neuropathology and cognition may change with age. For example, in a recent study 18 of younger elderly participants (mean baseline age: 79.8 years) who were followed 7.5 years on average, cognitively normal individuals with high levels of AD neuropathology showed significant declines on cognitive tests of praxis, verbal fluency, and delayed word list. Finally, methodology varied among different studies.
Typically, studies of cognitive decline in the elderly have been quantified with a linear rate of change or have used change point analyses to tease apart terminal declines from age-related changes. 19 -21 In contrast to these studies, we examined differences in trajectories of cognitive performance by using a model that incorporated potential learning effects at subsequent visits in relation to baseline cognitive performance. This approach enabled us to examine differences in trajectories of cognitive performance resulting from differences in level of AD pathology without imposing linear trajectories. Learning effects on the MMSE and the CVLT would not be as evident if we used a model that derived a rate of change from linear slopes.
We found evidence of learning effects on cognitive tests in individuals with low and high AD neuropathology. These findings suggest that after age 90, individuals without dementia have the ability to learn and retain content from these cognitive tests particularly when given at frequent intervals. Three recent studies that examined learning effects in the elderly found differing results. [22] [23] [24] Two of these investigations show that learning can occur over time, even in persons with MCI. 23, 24 Interestingly, the study with the oldest-old 22 did not suggest significant learning effects. Frequency of testing (annually vs biannually), differences in cognitive tests (i.e., CERAD Recognition vs CVLT), and the statistical methodology (regression slopes and mean change vs random effects model) are all factors that may have contributed to the differences in observed learning effects between that study and our study. The current study in The 90ϩ Autopsy Study participants is unique in several ways. Participants were without dementia and aged 90 and older throughout the entire study (at entry and at death). These individuals were followed longitudinally and given comprehensive neuropsychological examinations and neurologic evaluations biannually. In addition, the sample of this study is larger than some of the previous studies, particularly for the oldest-old population. The frequency of cognitive testing, every 6 months, enabled us to look at cognitive performance across a large number of visits.
Limitations of this study deserve attention. First, our investigation is in the oldest-old, limiting our ability to comment on younger elderly. Furthermore, The 90ϩ Study participants are predominantly Caucasian, and well-educated, from the community of Laguna Woods, in Orange County, CA. These characteristics limit our ability to generalize our findings to other ethnic and racial groups. However, a recent report from the Census Bureau on the oldest-old suggests that characteristics of 90ϩ Study participants are actually similar to those of the oldest-old in the United States, 25 particularly in regards to sex and ethnicity. Second, it is possible that we did not have enough power to find a true association that did exist. Third, we may have found differences by AD pathology if we had examined other cognitive tests.
Only the CVLT and 3MS were examined because we thought we would be more likely to find cognitive declines in memory and global cognition with respect to greater AD pathology. In addition, these 2 cognitive tests provided us with the most complete data. Factors such as sensory deficits and fatigue make it difficult for participants to complete the entire test battery. For instance, 72% of participants in The 90ϩ Study have sensory deficits (i.e., vision loss) and at least 20% of participants report being fatigued. 26 Fourth, we did not examine comorbid pathologies such as hippocampal sclerosis or cerebrovascular disease given the low prevalence of these pathologies in our participants without dementia. Hippocampal sclerosis is not found in the brains of our participants without dementia and less than 12% have infarcts at autopsy. 8 Finally, we have recently shown in people without dementia that amyloid area shared a better relationship to cognition than CERAD plaque staging. 27 This finding suggests that amyloid area, compared to CERAD plaque staging, may be a better measure of plaque neuropathology in the oldest-old.
The present study shows that in oldest-old without dementia, AD neuropathology is common, but not related to trajectories of cognitive performance over 3 years. These findings suggest cognition may not be affected by high levels of AD neuropathology in the oldest-old. It is possible that oldest-old individuals have the ability to withstand and tolerate the adverse effects associated with AD neuropathology. Alternatively, perhaps these individuals did not live Predicted cognitive scores at each visit by tangle group
The predicted cognitive score at each visit for the Modified Mini-Mental State Examination (3MS) (A) and the California Verbal Learning Test II (CVLT) (B) was based on the parameter estimates derived from model 2 for an individual who was 94 years of age at baseline. long enough to develop the clinical effects of AD neuropathology. Health and lifestyle factors as well as other brain pathologies may be relevant for the expression of cognitive performance in the oldestold. Further research must be conducted to better understand the relationship between cognitive performance and AD neuropathology in this extreme age group.
